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We present an analysis of Z boson pair production decaying into eeee, pppp and eepp with
approximately 1.7 fb™! of RunIIb data. The total number of events expected from pp — ZZ —
e d e signal in all three decay modes is 2.13 + 0.08 events whereas 0.141'8‘_83 event is expected
from background processes (stat.+syst.). We observe 3 candidate events in our data. The probability
of observation in the background-only hypothesis is 4.33 x 10~ which corresponds to a significance of
5.3 standard deviations. The measured cross section is o(pp — ZZ) = 1.757 422 (stat.)+£0.08(syst.) +
0.10(lumi) pb. This value is consistent with the Standard Model expectation of 1.60 pb.
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I. INTRODUCTION

Measurement of the pair production rates for electroweak gauge bosons at the Fermilab Tevatron provides important
tests of experimental and theoretical methods employed in the search for the Higgs boson. The standard model (SM)
predicts a cross section times branching fraction o x BF < 100 fb for the all charged lepton final state ZZ — 2040,
with £,¢' = e or p. This small cross section, which approaches that for Higgs boson production for some possible
Higgs masses, has prevented verification of ZZ production rates at a hadron collider up until recently, when dramatic
improvements in Tevatron luminosity have opened the possibility of direct observation. Further, as ZZ production
in the SM cannot occur through direct ZZZ or ZZ~* couplings, an observation of unexpectedly high cross section
could provide evidence for anomalous interactions between neutral gauge bosons [1]. The DO detector is especially
well-suited for detecting ZZ — £40'¢', owing to its excellent electron and muon identification over a wide range of
lepton rapidities.

Previous analyses of ZZ production have been performed at Tevatron pp and LEP ete™ Colliders. The DO
collaboration reported a ZZ — (0¢'¢’ search with 1 fb~! of data that resulted in a 95% C.L. limit of 0(ZZ) < 4.4 pb
on the production cross section [2]. The analysis also yielded limits on anomalous trilinear ZZZ and ZZ~* couplings.
The CDF collaboration reported a signal for ZZ production at 4.4 o significance from combined ZZ — £0¢'¢' and
ZZ — Llvv searches, and measured a production cross section of 0(ZZ7) = 1.4f8:é pb [3]. In this Letter, we present
a new search for ZZ production with charged leptonic decays of both Z bosons decaying into electron or muon pairs.
This leads to four electron (eeee), four muons (uppu), and two electron-two muon (eeup) final states.

Data used in this analysis were collected with the DO detector at the Fermilab Tevatron pp Collider at /s = 1.96
TeV in the period between June 2006 and April 2008. The integrated luminosities [4] of the three channels are
approximately 1.7 fb~! each and are shown in Table I.

II. DETECTOR

A Drief description of the main components of the DO Run II detector [5] important to this analysis follows. The
central-tracking system of the D0 detector consists of a silicon microstrip tracker (SMT) and a central fiber tracker
(CFT), both located within a 2 T solenoidal magnetic field. The SMT has a six-barrel longitudinal structure, each with
a set of four layers arranged axially around the beam pipe, and interspersed with 16 radial disks. It provides tracking
and vertexing capability up to pseudorapidity |n| ~3.0. The CFT has eight thin coaxial barrels, each supporting two
doublets of overlapping scintillating fibers, one doublet parallel to the collision axis, and the other alternating by
+3° relative to the axis. The CFT provides full coverage up to |n| ~ 1.6. A liquid argon and uranium calorimeter
has a central section (CC) covering pseudorapidities || up to &~ 1.1, and two end calorimeters (EC) that extend
coverage to |n| & 4.2, with all three housed in separate cryostats [7]. The calorimeters are segmented along the shower
direction with four layers comprising electromagnetic (EM) section and an additional three to five layers forming
the hadronic section. This allows for electron-pion separation based on longitudinal and transverse shower shape. A
muon system [8] resides beyond the calorimetry, and consists of a layer of tracking detectors and scintillation trigger
counters before 1.8 T toroids, followed by two similar layers after the toroids. Tracking at |n| < 1 relies on 10 cm wide
drift tubes [7], while 1 cm mini-drift tubes are used at 1 < |n| < 2. Luminosity is measured using plastic scintillator
arrays located in front of the EC cryostats, covering 2.7 < |n| < 4.4 [4].

The DO detector uses a three level (L1, L2 and L3) trigger system. Electrons candidates are required to have energy
deposition in the EM section of the calorimeter at L1 and L2. At L3, a requirement is applied on the fraction of energy
in the EM calorimeter and on shower shape. The L1 muon trigger requires hits in the muon scintillation counters
and a match with a track in the L1 track system. At L2, muon candidates are required to have track segments in the
muon tracking detectors, and a minimum transverse momentum (pr). At L3, some muons are also required to have
a matched track from the inner tracker.

III. SELECTION

This analysis employs a combination of single electron and di-electron triggers for the eeee channel. Similarly, single
muon and di-muon triggers are used for the pppup channel. The eeppr channel uses a combination of all these triggers,
plus additional electron-muon triggers. The triggering efficiency for events with four high-pr leptons that satisfy all
other selection requirements exceeds 99%.

For the eeee channel, the four electrons must have transverse energies Fr > 30, 20, 15, and 15 GeV, respectively.
Electrons must be reconstructed either in the CC region of |n| < 1.1 or in the EC region of 1.5 < |n| < 3.2, and
be isolated from other energy clusters. Electrons in the CC are required to satisfy identification criteria based on a



multivariate discriminant derived from calorimeter shower shape and a matched track reconstructed in the SMT and
CFT. Electrons in the EC are not required to have a matched track, but must satisfy more stringent shower shape
requirements. At least two electrons must be in the CC region. With no requirement applied on the charge of the
electrons, three possible Z combinations can be formed for each eeee event. Events are required to have at least
one Z with a di-electron invariant mass above 70 GeV and the other above 50 GeV. Finally, events are split into
three categories depending on the number of electrons in the CC region: events with two CC electrons, with three
CC electrons and with > four CC electrons. These are subsequently referred to as eecescc, eeeescc, and eeeescc,
respectively. The three sub-samples suffer from significantly different levels of background contamination while being
mutually exclusive.

For the pupp channel, each muon must satisfy quality criteria based on scintillator and wire chamber information
from the muon system and have a matched track in the inner tracker. The four most energetic muons need to satisfy
transverse momentum requirements pp > 30, 25, 15, and 15 GeV, respectively. At least three muons in the event
must be isolated, each passing a requirement of less than 2.5 GeV of transverse energy deposited in the calorimeter
in an annulus between R = 0.1 and R = 0.4 centered around the muon track [9]. This reduces backgrounds from
Z — {l+jets and tt production where at least two of the four muons usually originate from semileptonic b- and c-quark
decays, and are therefore surrounded by significant energy deposition in the calorimeter. Finally, the distance in the
transverse plane of closest approach to the beam spot for the track matched to the muon must be less than 0.02 cm
for tracks with SMT hits and less than 0.2 cm for tracks without SMT hits. This reduces the background from muons
that do not originate from the primary vertex such as those from b decays and cosmic rays. The maximum distance
between the muon track vertices for all muon pairs along the beam axis is required to be less than 3 cm. This reduces
backgrounds from muons produced by beam particle interactions outside of the DO detector and cosmic ray muons.
Of the three possible ZZ combinations per event that can be formed without considering muon charge, at least one
Z is required to have the di-muon invariant mass above 70 GeV and the other above 50 GeV.

For the eeup channel, the two most energetic electrons and muons must satisfy the conditions Ep > 20,15 GeV,
respectively, for the electrons, and pr > 20,15 GeV, respectively, for the muons. All muons and electrons must
satisfy the single lepton selection criteria defined for the eeee and pppp final states. In addition, electrons and muons
are required to be spatially separated by R > 0.2 to reduce backgrounds from final states such as single Z — puu
production in which both muons are accompanied by radiated photons. At least one muon must satisfy the same
calorimeter isolation requirement imposed in the pupp final state. This requirement reduces the background from
Z — ee+jets and tt production where muons usually originate from semileptonic b- and c-quark decays, and are
therefore are not isolated. One pair of the same flavor leptons must have invariant mass greater than 70 GeV, while
the other pair is required to have invariant mass greater than 50 GeV. Finally, events are split into three categories
depending on the number of electrons in the CC region: events with no CC electron, with one CC electron and with
> two CC electrons. These are refereed to as eeppocc, eeppicc and eeppioce sub-samples, respectively. As in the
four electron channel, these sub-samples suffer from significantly different levels of background contamination.

IV. SIGNAL AND BACKGROUND MODELING

Monte Carlo (MC) simulations determine the expected number of signal events in each sub-channel. The MC uses
the PYTHIA event generator [10], with an assumed cross section of 0(ZZ) = 1.6 £ 0.1 pb [11]. It then incorporates
the integrated luminosities computed separately for each sub-sample, taking into account data quality criteria, and
performs a detailed GEANT-based simulation [12] of the detector response, employing the same reconstruction soft-
ware as for data. Finally, data-derived reconstruction and identification efficiencies for single electrons and muons,
obtained from large samples of Z — ee and Z — pup events are used. Table I summarizes the results for expected
signal, including systematic uncertainties from the lepton identification /reconstruction efficiencies, energy /momentum
resolutions, and the signal modeling.

The backgrounds to ZZ — 000’ signal arise from (Z — ¢¢) + jets and (Z — €£) + v + jets events, and from top
quark pair production (¢f). Production of Z + jets events with leptonic decays of Z — £¢ can lead to an ££0'¢' final
state when the jets are either mis-identified as electrons or muons, or contain real electrons or muons from in-flight
decays of pions, kaons, or heavy-flavored hadrons. In (Z — #¢) + -y + jets production the additional two leptons can
come from a photon passing electron identification criteria and from a jet mimicking an electron. To estimate the
Z + v + jets background, we first measure the probability for a jet to produce an electron or muon that satisfy the
identification criteria. The probability for a jet to misreconstruct as an electron was measured in di-jet events selected
via jet triggers, using electron candidates that satisfy all selection criteria except the isolation condition R < 0.5 to
the nearest jet. Lower-Er jets that contain an electron within R < 0.5 are considered to mimic an electron. The
probability for a jet to mimic an electron is parameterized in terms of the jet Er and 7. It is ~ 4 x 10™* for the case
of CC electrons which are required to have a matched track, and ~ 5 x 1073 in the case of EC electrons for which no



TABLE I: The integrated luminosity, expected number of signal and background events, and the number of observed candidates
in the seven ZZ — (¢'¢' subchannels (stat.+syst.)

Subchannel eeeeacco eeeescc eeeesco o eepllocc eepticc eelitacc
Luminosity (fb_l) 1.75+0.11 | 1.75+0.11 | 1.7540.11 1.684+0.10 1.68+0.10 1.684+0.10 1.68+0.10
Signal 0.094+0.005|0.194+0.006|0.158+0.006| 0.60+0.05 | 0.065+0.007 | 0.3940.04 0.6240.05
Z(vy)+jets bkgd. | 0.03075:95% | 0.018F5:598 | 0.00279-952 10.0003F55951 | 0.0375:02 | 0.0540.01 | 0.0087) 502
tf background - - - - 0.001279-5916 10.005 4 0.002[0.0007+3:5999
Observed events 0 0 2 1 0 0 0

track matching requirement is applied. The probability for a jet to produce a muon was measured in a di-jet sample
using a procedure similar to that described for electrons where the higher Er jet is called the tag jet, and the lower
E7 jet is the probe jet. This probability is parameterized in terms of the tag jet Er and probe jet 1. The probability
for a 15 GeV (100 GeV) jet to produce a muon of pr > 15 GeV is ~ 107%(102) when no muon isolation requirement
is applied, and it is ~ 107°(10~%) when the muon is required to be isolated. A systematic uncertainty of 30% is
assigned to account for observed variations in the probabilities when changing selection criteria of the di-jet events
used for misidentification determination for the leptons.

The probabilities for jets to be misidentified as electrons are then applied to the jets in eee + jets and ppe +
jets data to determine the background for the eeee and eepp channels, respectively. This method takes into account
contributions from Z + jets, Z + v + jets, WZ + jets, WW + jets, W + jets and > 4 jets. However, it double
counts contribution from Z + two jets where an event can be selected as an eee/upe + jet candidate if either of the
two jets mimic an electron, whereas it can only contribute to eeee or puee sample if both jets mimic an electron. To
correct for the double counting, ee/uu + two jets events are used, with the electron misidentification probabilities
applied to both jets.The ee/uu+jets rates is subtracted from the eee/ppe+ jets rates to obtain the final background
estimate. The probabilties for jets to contain a muon are applied to the jets in pu + two jets data to determine
the background estimate for the ppuup channel. Systematic uncertainties on this background arise from the 30%
uncertainty in measured misreconstruction rates, and from the limited statistics of the data remaining in the samples
after selection cuts.

The background from tf events is estimated via the same method as described previously for the signal MC. A
theoretical cross section of o VNEL(t) =7.9 pb [13] assuming my,, = 170 GeV was used. The systematic uncertainty
on the ¢t background includes a 10% theory uncertainty on o(tt), as well as the contributions from the normalization
and acceptance variation originating from the top quark mass uncertainty.

V. RESULTS

Table I summarizes background contributions to each sub-channel. The total expected number of candidates from

background sources is 0.14Jj8:8§ event. The sub-channels with the lowest expected background contamination are
40.0001

eeeeqoc and pppp, where the expected number of background events are O.OO2J_F8:88? and 0.0003% 001, respectively.
We observe a total of three candidates in our data, two in the eeeescc subchannel and one in the pppp channel.
Table II summarizes the candidates’ kinematic characteristics. Figure 1 shows the distribution of the four lepton
invariant mass for the data candidates and for the expected signal and background events.

We extract statistical significance of the observed fluctuation using a negative log-likelihood ratio (LLR) test-
statistic method. As input, we use the expected yields from the signal and the background, separated into the seven
subchannels. A modified frequentistic method is used [14] that returns the probability (p-value) of background-only
fluctuating to give the observed yield or higher. The resulting LLR distribution combined across all seven subchannels
for the RunlIb data set is shown in Figure 5 of the Appendix. In 3x10% background-only pseudo-experiments, we
observe 13 with an LLR value smaller or equal to that observed in data. This gives a p-value of 4.33x10~8 that
corresponds to a 5.30 standard deviation significance. Minimizing the LLR function yields a measured cross section
of o(pp — ZZ) = 1.751 528 (stat.) £ 0.08(syst.) + 0.10(lumi) pb, consistent with standard model expectations.



TABLE II: Characteristics of the observed candidate events.

F F

€1 €2 €3 €4
pr (GeV) 107.4] 59.1 | 52.2 | 16.5
eeee nD 0.72 | 0.25 | -0.58 | -0.79
candidate 1 efes exes
dimass (GeV) 89.4 60.9
Z pr (GeV) 110.2 106.1
Er (GeV) 3.4
ef’ e;" es N
pr (GeV) 82.6 | 74.7 | 34.8 | 26.5
eeee nD 0.48 |1 0.24 | 0.74 | 1.07
candidate 2 efes esey
dimass (GeV) 99.3 90.1
Z pr (GeV) 63.8 58.1
£, (GeV) 184
o | ps [ ops | e
pr (GeV) 115.5| 77.5 | 42.1 | 24.0
pppp |1Mp 0.02 [-0.98 | 0.80 | -1.89
candidate uy s o Hd
dimass (GeV) 147.6 89.8
Z pr (GeV) 79.9 62.4
Er (GeV) 2.8
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FIG. 1: Distribution of four-lepton invariant mass in data, expected signal, and expected background events for a cross section
of 1.6 pb.
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APPENDIX A: ADDITIONAL PLOTS
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FIG. 4: Event display for pupp ca
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